High levels of glucocorticoids are believed to alter bone remodeling by decreasing bone formation and increasing bone resorption. It has been suggested that different cytokines, like interleukin-6 (IL-6) and interleukin-1 (IL-1), are involved in bone resorption by activating immature osteoclasts, and some studies indicate that IL-6 promotes bone formation by a mitogenic effect on osteoblasts. The aim of the present investigation was to study whether cortisol regulates the expression of IL-6 and IL-1 in human osteoblast-like cells.
Introduction
Back in 1932, Cushing reported that increased levels of glucocorticoids cause osteoporosis and increase the risk of bone fractures. Osteoblasts express receptors for glucocorticoids (Chen et al. 1979) and it is well known that high levels of cortisol decrease the proliferation and expression of differentiation markers in rodent and human osteoblasts (Canalis & Avioli 1992 , Jonsson et al. 1993 , Delany et al. 1995 . One of the mechanisms involved in the negative effect of high levels of cortisol on bone metabolism is therefore to decrease bone formation via direct interaction with the osteoblasts.
Another possible mechanism by which cortisol regulates bone remodeling is modulation of bone resorption. Cortisol increases bone resorption in tissue cultures of mouse calvaria (Conaway et al. 1996) . Interestingly, osteoblasts are involved in the differentiation and activation of osteoclasts (Takahashi et al. 1988) . The mechanism for this osteoblast-induced osteoclast activation is not yet fully understood. It has been suggested that cytokines such as interleukin-6 (IL-6) and interleukin-1 (IL-1) take part in this process. IL-6 is a multifunctional cytokine exerting a variety of well-established effects, including B-and T-cell activation, stimulation of fever and release of acute-phase response proteins (Van Snick 1990 , Kopf et al. 1994 . Furthermore, IL-6 is released from osteoblasts and bonemarrow stromal cells and is involved in bone resorption by activating immature osteoclasts (Ishimi et al. 1990 , Kurihara et al. 1990 , 1991 , Black et al. 1991 .
IL-6 interacts with a specific membrane-bound receptor, IL-6R (Kishimoto et al. 1992) . There is also a soluble IL-6R (sIL-6R), which is proteolytically cleaved from the membrane-bound IL-6R. It has been shown that the biological activity of IL-6 results from the direct association of either the sIL-6R/IL-6 complex or the IL-6R/IL-6 complex with the membrane-associated protein, gp130, which transduces the IL-6 signal (Mackiewicz et al. 1992 , Gabay et al. 1995 . Furthermore, it has been reported that sIL-6R triggers osteoclast formation by IL-6, indicating that the amount of sIL-6R may modulate the IL-6 effect (Tamura et al. 1993) .
IL-1 is a term for two polypeptides (IL-1 and IL-1 ) which are involved in inflammatory, metabolic, hematopoietic and immunological properties (Dinarello 1991) . IL-1 is also involved in bone resorption (Gowen et al. 1983) , and the so-called human osteoclast-activating factor was found to be identical with IL-1 . Furthermore, IL-6 expression in osteoblasts is induced by IL-1 (Ishimi et al. 1990 ).
In mouse osteoblasts, IL-6 levels are decreased after stimulation with dexamethasone (Feyen et al. 1989) , and one study, in which the effect of one dose of dexamethasone (10 6 M) was tested, indicated that dexamethasone decreases IL-6 expression in human osteoblasts (Littlewood et al. 1991) . The aim of the present study was to investigate more thoroughly the dose-response effects and time-course effects of cortisol on IL-6 expression in human osteoblast-like (hOB) cells and to see whether IL-1 , a known regulator of IL-6 production, or sIL-6R, a proposed modulator of the IL-6 effect, is regulated by increased levels of cortisol.
Materials and Methods

Cell culture
The isolation and culture of hOB cells has been described previously (MacDonald et al. 1984 , Nilsson et al. 1995 . Trabecular bone was obtained from orthopedic surgery; the samples were dissected into small pieces and washed extensively in F12 (Gibco, Paisley, Scotland, UK). Subsequently, the bone chips were transferred to 75 cm 2 or 162 cm 2 culture flasks (Costar, Cambridge, MA, USA) and cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 (1:1, v/v) (Gibco) containing 10% (v/v) fetal calf serum (FCS; Harlan Sera Lab Ltd, Sussex, UK), fungizone (500 µg/l; Gibco), gentamycin sulphate (50 mg/l; Sigma, St Louis, MO, USA), -glutamine (2 mmol/l; Gibco) and -ascorbic acid (100 mg/l; Merck, Darmstadt, Germany) in a humidified 5% CO 2 atmosphere at 37 C. Isolating hOB cells this way results in a certain amount of heterogeneity. Therefore the cells are referred to in the literature as osteoblast-like cells. This should be borne in mind when interpreting results obtained. When the effect of cortisol was tested, the hOB cells were starved in DMEM without phenol red (Gibco) with the addition of 0·5% dextran-coated charcoalstripped FCS (DCC-FCS) (kindly provided by M Slootweg, Eli Lilly, Nieu Wegein, The Netherlands) for 24-30 h, followed by the addition of cortisol (hydrocortisone, H-0135, lot 44H9402,115H4629; Sigma) for 0·5-24 h. Cortisol was dissolved in absolute ethanol and diluted 1:1000 or more in the culture medium. Recombinant human (rh)IL-I (Boehringer Mannheim Biochemica, Mannheim, Germany; lot 14782820) was added to the cells at the time of cortisol addition in some experiments. Endotoxin levels in the culture medium (DMEM/F12, 1:1) and phenol-free DMEM were 0·5 and 0·14 European units (EU)/ml respectively (according to Gibco/BRL). The endotoxin levels were 1·2 EU/ml (Harlan Sera Lab) in 100% serum (FCS) and 0·1 EU/ml in 10% serum (10% FCS was used for culturing the cells before the experiment). The endotoxin levels were 4·8 EU/ml (Department of Microbiology at Sahlgrenska University Hospital, Göteborg, Sweden) in 100% DCC-FCS and 0·02 EU/ml in 0·5% DCC-FCS (0·5% DCC-FCS was used for culturing during the experiment). Cells were routinely tested and found to be negative for mycoplasma infections. In experiments in which human (h)IL-6 protein and hIL-1 protein were measured, cells were grown in 24-well tissue culture dishes (Costar).
The study was approved by the ethical committee at Sahlgrenska University Hospital in Göteborg.
Preparation of nucleic acid
Total nucleic acids were prepared as described by Durnam & Palmiter (1983) , and RNA was prepared by the method of Chomczynski & Sacchi (1987) .
Probe
A 412 bp fragment of exons 2-5 of the hIL-6 gene subcloned into a pCRII vector was used . A labeled IL-6 antisense RNA probe was generated with Sp6 polymerase from an XhoI-linearized plasmid, and IL-6 sense RNA was generated with T7 polymerase from a HindIII-linearized plasmid.
RNase protection solution hybridization assay
Total nucleic acids for the RNase protection solution hybridization assay were prepared by homogenizing harvested hOB cells with a Polytron in buffer containing 1% (w/v) SDS, 20 mmol Tris-HCl/l (pH 7·5) and 4 mmol EDTA/l. The homogenized cells were then digested by overnight proteinase-K treatment, and total nucleic acids were prepared by a subsequent phenolchloroform extraction, as described by Durnam & Palmiter (1983) . The RNase protection solution hybridization assay was then performed as described by Mathews et al. (1986) (intra-assay coefficient of variation (CV) 14·9%). Protected RNA-RNA hybrids were precipitated with trichloroacetic acid, collected on glass-fiber filters and counted in a scintillation counter. The signal was compared with a standard curve obtained by hybridization to known amounts of sense IL-6 RNA. The RNase protection solution hybridization assay, used for quantification of IL-6 mRNA, correlates the amount of IL-6 mRNA with the DNA content. Thus the results are finally given as pg sense IL-6 RNA standard/µg DNA. The advantage of presenting the results in this way is that the absolute number of transcripts per cell is obtained. The disadvantage of correlating the mRNA levels with DNA instead of RNA is that there is a risk that the observed effect of a factor which regulates most mRNAs is related to multiple rather than single effects. To avoid this, control experiments were performed in which the effect of cortisol was correlated with RNA (see RNase protection assay followed by gel separation below). DNA analysis was performed as described by Labarca & Paigen (1980) .
RNase protection assay followed by gel separation
For the RNase protection assay followed by gel separation (RPA II kit; Ambion, Austin, TX, USA), 10 µg total cellular RNA were hybridized at 45 C overnight with 35 S-labeled human IL-6 riboprobe, then digested with RNase. The RNA-RNA hybrids were precipitated, resuspended and separated on a 6% Tris/boric acid/EDTAurea gel (Novex, San Diego, CA, USA). Signal from protected fragments was quantified using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA).
ELISAs
An hIL-6 ELISA was used to measure IL-6 released into the medium (D 6050; R&D Systems, Abingdon, Oxon, UK). A human ELISA was used for measuring hsIL-6R released into the medium (DR 600; R&D Systems). hIL-1 was measured by using a human high-sensitivity ELISA (HSLB50; R&D Systems). Intra-assay CV values were assessed by measuring 20 individual replicates of the same sample in one assay. Interassay CV values were assessed by measuring samples in duplicate on 20 different occasions. The mean of the duplicate was calculated on each occasion and the means from 20 different assays were then used for CV calculations (R&D Systems). Thus means of duplicates were used instead of single readings for the interassay CV values. This method of calculating interassay CV values actually underestimates them, which explains why some were lower than the corresponding intra-assay CV values. The intra-assay CV values for hIL-6 at 15·8, 95·6 and 179 pg/ml were 4·4, 3·1 and 1·7% respectively, and the interassay CV values at 16·4, 98·8 and 188 pg/ml were 3·6, 2·5 and 1·9% respectively. All samples for hIL-6 measurements were diluted to a concentration of between 18 and 180 pg/ml. The intra-assay CV values for sIL-6R at 134, 644 and 1669 pg/ml were 8·6, 2·6 and 2·3% respectively, and the interassay CV values at 130, 645 and 1593 pg/ml were 6·4, 4·2 and 4·7% respectively. The intra-assay CV values for hIL-1 at 12·6, 30·4 and 192 pg/ml were 2·4, 3·4 and 3·4% respectively, and the interassay CV values at 30·8, 120 and 194 pg/ml were 7·1, 3·4 and 4·1% respectively. The concentration of samples for hIL-1 measurements were between 12 pg/ml and undetectable levels. The antibody used for hIL-1 measurements has no cross-reactivity with hIL-1 . The sensitivities for the hIL-6, sIL-6R and IL-1 ELISAs were 0·7, 3·5 and 1·0 pg/ml respectively, and were determined by adding two standard deviations to the mean optical density values of 20 zero-standard replicates and calculating the corresponding concentration (R&D Systems).
In preliminary studies, we correlated IL-6 and IL-1 levels with the number of cells. Short-term cortisol (1 µM) treatment for 16 h (the time used in the experiments) did not alter the number of cells (99·7 15·2% of control culture) and there was no difference between the effect of cortisol on cytokine production per cell and the effect of cortisol on cytokine concentration in the culture medium. Therefore no correlation with the number of cells was attempted in the rest of the experiments.
C-terminal propeptide of type I collagen (PICP)
PICP was measured (Department of Clinical Chemistry, Sahlgrenska University Hospital, Sweden) in 1:5 diluted cell medium from hOB with an RIA kit (Orion Diagnostica, Espoo, Finland) with an intra-assay CV of 3·2%.
Statistical procedure
Values are given as means ... The statistical significance of differences between means was calculated using ANOVA followed by Student-Newman-Keul's multiple range test.
Results
PICP released into the culture medium decreased after cortisol (10 7 M) treatment (19·9 2·7% lower than controls in pooled samples from two patients (males 22 and 32 years old)), demonstrating that our hOB cell cultures respond to cortisol in a manner similar to that previously described ( Jonsson et al. 1993) . To investigate the specificity of the IL-6 probe used in the RNase protection solution hybridization assay, RNase-protected probe fragments were analyzed on denaturating polyacrylamide gels. A protected fragment of the expected size, 412 bases, was detected in the mRNA from hOB cells (Fig. 1) .
Cortisol decreased the levels of hIL-6 mRNA in hOB cells in a dose-dependent manner (10 7 M 34·4 15% of control culture and 10 6 M 23·1 7·9% of control culture. A reduction in hIL-6 mRNA levels was seen 4 h after the addition of cortisol (1 µM) and the effect was still present 20 h later (Fig. 2) .
To investigate whether the effect of cortisol on IL-6 mRNA levels corresponded to the amount of IL-6 protein released into the medium an hIL-6 ELISA was used. The amount of IL-6 protein released into the culture medium decreased after stimulation with 1 µM cortisol (28·2 8·3% of control culture; Fig. 3 ). When IL-1 (25 U/ml) was added to the culture medium, the release of IL-6 protein was sharply increased. However, in the IL-1 -stimulated cells, cortisol also decreased the amount of IL-6 protein secreted into the culture medium in a dose-dependent manner (at 1 µM 12·6 3·4% of control culture; Fig. 3 ). Significant inhibition by cortisol of the amount of IL-6 protein secreted into the culture medium was seen 20 h later than the inhibitory effect on hIL-6 mRNA levels (Fig. 2) .
Basal levels of hIL-6 mRNA and hIL-6 protein secreted into the culture medium were measured in hOB cells from several subjects. No obvious correlation was found between IL-6 level and age (Fig. 4) .
IL-1 , a well-known stimulator of IL-6 production in hOB cells, was measured. The amount of hIL-1 protein secreted into the culture medium decreased in a dosedependent manner after the addition of cortisol with a maximum effect at 10 6 M (2·1 1·2% of control culture; Fig. 5 ). hIL-1 protein was not detectable without the addition of rhIL-1 (25 U/ml; data not shown). Cortisol-induced inhibition of IL-1 was seen 16 h after the addition of cortisol (Fig. 6) .
Furthermore, hsIL-6R released into the culture medium was measured. The protein could not be detected using an ELISA with a sensitivity of 3·5 pg/ml (six patients; data not shown).
Discussion
Bone metabolism is regulated by a balance between bone resorption by osteoclasts and bone formation by osteoblasts. In addition to being directly responsible for bone formation, osteoblastic cells control bone resorption by regulating the proliferation, differentiation and recruitment of osteoclast progenitors (Takahashi et al. 1988) . It has been suggested that cytokines, such as IL-6 and IL-1, are involved in the physiological interaction between osteoblasts and osteoclasts. IL-6 is expressed at a high level in hOB cells compared with other human tissues . It could therefore be supposed that IL-6 exerts physiologically important effects in the regulation of bone remodeling in humans. In the present study, it is demonstrated that high levels of cortisol decrease IL-6 expression in hOB cells, and a possible mechanism via a reduction in IL-1 is investigated. 
Figure 2
Time-course of the effect of cortisol on levels of hIL-6 mRNA () and hIL-6 protein () released into the culture medium. Cells were cultured in 10% FCS, then starved in DMEM without phenol red with the addition of 0·5% DCC-FCS for a total period of 54 h and stimulated with cortisol (10 6 M) at different times before harvest. Each experiment was performed using cells from one patient. The results from two patients were then pooled. Values are expressed as % of control (mean S.E.M. from pooled samples from two patients (mRNA from a 29-year-old female and a 41-year-old male; protein from two males, 28 and 50 years old)). *P<0·05, **P<0·01 compared with untreated cells for mRNA; +P<0·05 compared with untreated cells for protein.
Figure 3
Dose-response effect of cortisol on hIL-6 protein secreted into the culture medium in cultured hOB cells from three patients (three males, 22, 32 and 47 years old). Cells were cultured in 10% FCS, starved in DMEM without phenol red with the addition of 0·5% DCC-FCS for 24 h and then stimulated with different doses of cortisol with () or without () the addition of rhIL-1 (25 U/ml) for 16 h before harvesting of the medium. Each experiment was performed using cells from one patient. The results from three patients were then pooled. Levels are expressed as pg/ml. Values are the mean S.E.M. *P<0·05, **P<0·01 compared with cells not treated with cortisol.
Several hormones and growth factors regulate IL-6 expression in osteoblasts. Some studies demonstrate that estrogen, an anti-resorptive hormone, decreases osteoblastic IL-6 production (Girasole et al. 1992 , Kassem et al. 1996 , whereas growth hormone, vitamin D, tumor necrosis factor-, platelet-derived factor, thyroid hormone and insulin-like growth factor-I (IGF-I) stimulate IL-6 production in osteoblastic cells (Littlewood et al. 1991 , Slootweg et al. 1992 , Franchimont & Canalis 1995 , Tarjan & Stern 1995 .
Increased levels of glucocorticoids decrease the process of bone formation in bone remodeling. One of the mechanisms for this probably involves decreasing local IGF-I production in osteoblasts. Cortisol decreases IGF-I production in rodent and human osteoblasts (Canalis et al. 1989 , McCarthy et al. 1990 , Delany & Canalis 1995 , and IGF-I treatment of cultured human osteoblasts prevents the negative effect of high levels of cortisol ( Jonsson et al. 1993 ). An interaction between the decreased IL-6 expression caused by cortisol in osteoblasts, as seen in the present study, and the effect of IGF-I on bone formation is supported by the observation that IL-6 increases IGF-I expression in osteoblasts (Franchimont et al. 1996 (Franchimont et al. , 1997 . Furthermore, IGF-Ibinding protein-5 (IGFBP-5), which is mitogenic for osteoblasts (Andress & Birnbaum 1992, Mohan et al. 
Figure 6
Time-course effect of cortisol on levels of hIL-1 protein released into the culture medium. Cells were cultured in 10% FCS and starved in DMEM without phenol red with the addition of 0·5% DCC-FCS for 24 h. Cortisol (10 6 M) was then added at different times before harvesting of the medium. Each experiment was performed using cells from one patient. The results from three patients were then pooled. Values are expressed as % of control levels (mean S.E.M. from pooled samples from three patients (two males 26 and 41 years old and one 12-year-old female)). **P<0·01 compared with untreated cells. 1995), is upregulated by IL-6, and some studies demonstrate a mitogenic effect of IL-6 on osteoblasts (Fang & Hahn 1991 , Taguchi et al. 1996 , Franchimont et al. 1997 . Thus decreased IL-6 expression caused by cortisol in osteoblasts might have anti-mitogenic effects on osteoblasts via a reduction of IGF-I and IGFBP-5 and/or a direct inhibition of cell proliferation. An anabolic effect of IL-6 on osteoblasts is supported by the fact that mice with homologous disruption of the IL-6 gene have a decreased cortical bone volume (Poli et al. 1994) . Therefore it could be speculated that the main effect in bone of decreased IL-6 expression caused by cortisol in osteoblasts is decreased bone formation, resulting in decreased bone mass. An important effect of the decreased IL-6 expression caused by cortisol in osteoblasts on bone resorption seems less probable, as such an effect would result in increased bone mass.
It has been speculated that changes in IL-6 expression constitute one of the fundamental ageing processes and contribute to osteoporosis (Ershler 1993) . Serum levels of IL-6 are known to increase with age (McKane et al. 1994) . However, in the present study, no statistically significant age-correlated increase in IL-6 expression in hOB cells was seen. This indicates that the serum levels of IL-6 are instead dependent on age-dependent changes in the subject's immune or endocrine systems. However, it should be emphasized that only 15 subjects were examined in the present study.
IL-1 performs a variety of functions in hOB cells. It increases the proliferation and synthesis of prostaglandin E 2 and plasminogen-activating factor, while it antagonizes vitamin D stimulation of alkaline phosphatase activity (Evans et al. 1990 ). Our results indicating that cortisol decreases IL-1 expression in hOB cells are similar to those previously obtained for human histiocytic lymphoma cells (Knudsen et al. 1987) . Cortisol suppresses the expression of both IL-1 and IL-6 in hOB cells, as shown in the present study, and in human myeloma cells (Ishikawa et al. 1990 ). It has previously been shown that IL-1 increases IL-6 expression in osteoblasts, indicating that IL-1 regulates the expression of IL-6 in osteoblasts (Ishimi et al. 1990 , Chaudhary et al. 1992 . It is therefore possible that the cortisol-induced decrease in IL-6 was mediated via a reduction in IL-1 . However, in our culture system, this cannot be so as the IL-6 mRNA levels decreased before a reduction in IL-1 was seen. Udagawa et al. (1995) have shown that the treatment of osteoblasts with dexamethasone induced a marked increase in the expression of IL-6R mRNA and that IL-6-induced osteoclast differentiation depends on a signal transduction mediated by the IL-6R which is expressed on osteoblastic cells but not on osteoclast progenitors. IL-6R was not measured in the present study. We tried to measure sIL-6R, which is similar to the extracellular part of IL-6R, released into the culture medium. No detectable levels of sIL-6R were found in the culture medium from hOB cells when measured with an ELISA with a sensitivity of 3·5 pg/ml. However, it is possible that cortisol regulates systemic levels of sIL-6R and thereby indirectly modulates the effect of IL-6 produced locally in osteoblasts.
In conclusion, this study demonstrates that high levels of cortisol strongly inhibit IL-6 expression and IL-1 protein released into the culture medium in human osteoblast-like cells. It may be speculated that the decreased IL-6 expression caused by cortisol in osteoblasts results in decreased bone mass via decreased bone formation and not via modulation of bone resorption.
